Given its conspicuous nature, gravity has been acknowledged by several research lines as a prime factor in structuring the spatial perception of one's environment. One such line of enquiry has focused on errors in spatial localization aimed at the vanishing location of moving objects -it has been systematically reported that humans mislocalize spatial positions forward, in the direction of motion (representational momentum) and downward in the direction of gravity (representational gravity). Moreover, spatial localization errors were found to evolve dynamically with time in a pattern congruent with an anticipated trajectory (representational trajectory). The present study attempts to ascertain the degree to which vestibular information plays a role in these phenomena. Human observers performed a spatial localization task while tilted to varying degrees and referring to the vanishing locations of targets moving along several directions. A Fourier decomposition of the obtained spatial localization errors revealed that although spatial errors were increased ''downward'' mainly along the body's longitudinal axis (idiotropic dominance), the degree of misalignment between the latter and physical gravity modulated the time course of the localization responses. This pattern is surmised to reflect increased uncertainty about the internal model when faced with conflicting cues regarding the perceived ''downward'' direction.
Introduction
Successful interactions with and within an environment imply for any living creature to abide by physical principles which, more often than not, manifest in dynamic patterns. That neural pathways relay information with sizeable delays (cf. e.g., Nijhawan, 1994 Nijhawan, , 2008 Nijhawan & Kirschfeld, 2003) further heightens the fundamental ordeals faced by an animal pushed to act in a timely manner.
Accordingly, several scholars have hypothesized that at some level neural systems might capitalize on the invariance of physical properties by developing internal models (see, e.g., Angelaki et al., 2004; Grush, 2005; Poon & Merfeld, 2005; Shepard, 1984; Snyder, 1999; Tin & Poon, 2005) -that is, neural structures that explicitly mimic the relationship between physical variables in a predictive manner and so as to overcome ambiguities in sensory processing due to noise and transmission delays. Internal models are nowadays thought to play a paramount role in human perceptual functions.
By virtue of its ubiquity in earthly environments, gravity has been widely acknowledged as one such physical invariant. For instance, the very interpretation of the information conveyed by the otolith organs (utricle and saccule in the inner ear's vestibular system; see, e.g., Clément, 2011; Clément & Bukley, 2007; Clément & Reschke, 2008) poses an important predicament: as stated by Einstein (1907) under the principle of equivalence, gravity is indistinguishable from a constant linear acceleration. That is, both a linear acceleration and a tilt relative to earth's gravity produce equivalent afferent signals, the meaning of which must be disambiguated by the nervous system (cf., e.g., Angelaki, Klier, & Snyder, 2009) . It is now believed that neural structures explicitly solve the dynamics underlying vestibular signals (including signals from both the otoliths and the semi-circular canals) to provide an estimate of physical gravity (Angelaki et al., 2004; Hess & Angelaki, 1999; Merfeld, 1995; Merfeld, Zupan, & Peterka, 1999; Snyder, 1999) .
The perception of gravity's direction and the perceptual vertical are furthermore determined by visual and somatosensory cues (including ankle joints, abdominal graviceptors and neck muscle afferents; Dyde, Jenkin, & Harris, 2006; Dyde et al., 2011; HajiKhamneh & Harris, 2010; Harris et al., 2011; Howard & Hu, 2001; Lopez et al., 2009; Mittelstaedt, 1983; Mittelstaedt & Glasauer, 1993; Moscatelli & Lacquaniti, 2011; Oman, 2003) . Human observers show, moreover, a general tendency to assume a priori that gravity is biased toward the body's longitudinal (supe- 
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Vision Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / v i s r e s rior-inferior) axis -idiotropic vector (Mittelstaedt, 1983 (Mittelstaedt, , 1986 ; for a similar approach under a Bayesian framework see De Vrijer, Medendorp, & Van Gisbergen, 2008 ) -, as revealed when participants tilted to varying degrees are asked to adjust a line or a rod to be aligned with the earth's gravitational pull (cf. Aubert's effect). Of importance, outcomes found with time-to-contact tasks and timing of interceptive actions strongly suggest that an internalized model of earth's gravitational acceleration is furthermore involved in the processing of visual sensory information (Indovina et al., 2005; Lacquaniti & Maioli, 1989; Lacquaniti et al., 2013; Moscatelli & Lacquaniti, 2011; Zago et al., 2004; see Baurés et al., 2007 ; for a critical review and Zago et al., 2008 ; for a response), even under microgravity conditions (McIntyre et al., 2001 ).
In the same vein, systematic mnesic spatial distortions have been found (Freyd & Finke, 1984; Hubbard, 1990 Hubbard, , 2001 Hubbard, 2005) which seem to further support a pervasive role of an internal model of gravity in the visual representation of motion (De Sá Teixeira, Hecht, & Oliveira, 2013; De Sá Teixeira & Hecht, 2014a) . Specifically, the memory for the last seen position occupied by a moving target that is suddenly halted has been found to be systematically displaced forward, in the direction of motion, and downward, in the direction of gravity (for a review see Hubbard, 2005) . Under the hypothesis that these errors reflect mental analogues of physical properties, they were entitled, respectively, representational momentum and representational gravity.
Representational momentum was first reported by Freyd and Finke (1984) using implied motion displays and a same-different spatial judgement task. Upon seeing a moving target that suddenly disappeared and if further shown a static object (mnesic probe) nearby that vanishing location, human observers were found to be more prone to report that the latter occupies the last seen position of the target when it is actually slightly displaced forward along the direction of motion. The magnitude of the mnesic displacement was furthermore found to be proportional with the target's implied velocity (Freyd & Finke, 1985) and to increase with time (by varying the retention interval between the target's disappearance and the presentation of the mnesic probe) until a peak at about 300 ms (Freyd & Johnson, 1987) , in line with the reasoning that it reflected an analogue of physical momentum. Importantly, similar displacements were found with static photographs and drawings conveying dynamic information (Freyd, 1983 (Freyd, , 1987 Freyd, Pantzer, & Cheng, 1988) , in particular when in congruence with the expected effects of gravitational pull (cf. Bertamini, 1993 ; see also Nagai, Kazai, & Yagi, 2002) , implying that a representational analogue of gravity might also play a role in mnesic spatial distortions.
A significant enlargement of the study of representational momentum was triggered with research led by Hubbard (Hubbard, 1995 (Hubbard, , 1996 (Hubbard, , 1997 (Hubbard, , 1998 (Hubbard, , 2005 Hubbard & Bharucha, 1988) . Noteworthy in these studies was the use of continuous linear motion displays (as opposed to implied movement) coupled with a behavioural localization task -participants were required to indicate the remembered vanishing position of the target by adjusting a cursor controllable with a computer mouse. Notice that whereas in a same-different paradigm participants' responses are constrained to the locations of the mnesic probe, as chosen by the researcher, the behavioural localization responses are only limited by the extent of the presentation window (i.e., computer screen). This particular aspect of localization responses rendered visible a systematic tendency to indicate target's positions biased downward, toward gravity, for horizontally moving targets (Hubbard, 1990; Hubbard & Bharucha, 1988) , vertically moving targets (thus modulating the magnitude of representational momentum; Hubbard, 2001; Hubbard & Bharucha, 1988) , and even static targets (Motes et al., 2008) . Taken together, these outcomes have been interpreted as reflecting an independent functioning of an internal analogue of gravity which, jointly with representational momentum, would affect spatial perception (Hubbard, 1995 (Hubbard, , 2005 , allegedly in order to cope with transmission delays in neural perceptual-motor cycles (Ashida, 2004; Hubbard, 2005; Kerzel & Gegenfurtner, 2003) .
Recently, it was found that behavioural localizations aimed at the remembered vanishing positions of horizontally moving targets evolve with time in a pattern that seems to mimic an anticipated course -representational trajectory (De Sá Teixeira, Hecht, & Oliveira, 2013; experiment 1; see also De Sá Teixeira & Oliveira, 2013) . Specifically, during the first 300 ms after target offset, the remembered vanishing location drifts forward along the motion axis; from 300 ms beyond (up until at least 1200-1400 ms; cf. De Sá Teixeira & Hecht, 2014b), the remembered position drifts downward in the direction of gravity with no further increase in the forward displacement. Constraining eye movements, which were found to account for representational momentum due to an overshoot of smooth pursuit eye movements coupled with a foveal bias (tendency to mislocalize the spatial location of a target towards the direction of gaze; De Sá Teixeira & Oliveira, 2014; Kerzel, 2000 Kerzel, , 2002 Kerzel, , 2003 Kerzel, , 2006 Kerzel, Jordan, & Müsseler, 2001) , prevents the initial increase forward with time, but not the temporal evolution of downward errors, evident even for times below 300 ms. However, if left unconstrained, gaze drifts forward and downward with time in a pattern that closely mimics the behavioural responses (De Sá Teixeira, Hecht, & Oliveira, 2013, experiment 2) . In an extension of these results, targets shown descending toward the gravity pull were found to be mislocalized increasingly downward for times until 300 ms, stabilizing afterwards. Conversely, targets moving upward (against gravity) lead to small and constant errors, sometimes in a direction opposite to motion (De Sá Teixeira & Hecht, 2014a; De Sá Teixeira & Oliveira, 2014) . Finally, static targets were remembered as being displaced downward in the direction of gravity and more so for longer retention intervals between target offset and response (De Sá Teixeira & Hecht, 2014a) . As participants necessarily take some time to respond, it might be possible that the rate at which the remembered location drifts downward has been underestimated in these studies, although no correlation between response times and downward mnesic errors has been found (cf. De Sá Teixeira & Hecht, 2014a; De Sá Teixeira & Oliveira, 2014) . Nothwithstanding, these outcomes seem to suggest that although representational momentum and representational gravity act along specific and independent spatial axes (respectively, motion and gravity axis), their joint dynamics are closely coupled in determining the anticipated course of the target.
Even though representational gravity has been defined as an error downward in the direction of gravity (e.g., Hubbard, 2005) , which would imply that the internal model of gravity was based on world coordinates, few studies attempted to disentangle the physical direction of gravity (as sensed with the otolith organs) from the observer's body orientation -idiotropic vector -(but see Nagai, Kazai, & Yagi, 2002) , known to significantly influence the perception of the vertical direction (cf. e.g., Mittelstaedt, 1983 Mittelstaedt, , 1986 Oman, 2003) . Recently, evidence was found that given a behavioural localization task and linearly moving targets, human observers tend to make a systematic error in the direction of their feet (idiotropic down) when lying on a lateral decubitus posture, orthogonal to the gravity's pull. Moreover, and although the memory for the last location of the target increases downward with time when upright, no dynamic evolution of the errors (representational trajectory) was found when participants' body was orthogonal to gravity (De Sá Teixeira & Hecht, 2014b) . These findings would entail that an internal model of gravity critically depends on the degree of alignment between the observer's body and the physical gravity. It remains to be determined if, given intermediary body postures between the vertical and horizontal, representational trajectory is proportionally decreased or if a threshold like phenomenon is the case (that is, a temporal trend ceases to emerge when the body reaches a certain degree of misalignment with gravity).
The main goal of the present experiment was to explore how representational trajectory is determined by the relationship between physical gravity (as sensed by the vestibular organs) and the idiotropic vector. In order to do so, participants were positioned in varying postures between the horizontal and vertical and required to perform a spatial localization task referring to the vanishing position of a target moving along several directions and so as to ensure that for all conditions, some targets' trajectories were aligned and perpendicular in respect to both the world's vertical and the longitudinal body axes. Given that the usual procedures to measure spatial localization errors (e.g., errors forward along the motion axis and downward along an axis orthogonal to motion) do not generalize unambiguously for conditions where targets move along directions other than the horizontal or vertical and where the participants' bodies are tilted, a reconceptualization of the dependent variables of interest and respective analysis is required.
Theory and calculations
The joint action of representational momentum and representational gravity on spatial localization errors has been tentatively suggested to follow an additive structure of two vectors (De Sá Teixeira & Hecht, 2014b ; for a similar proposal see Hubbard, 1995) -one referring to the kinematics of the target, indexing representational momentum, and one other referring to a single privileged direction (downwards) which reflects the functioning of an internal model of gravity (representational gravity). When a target is shown moving downwards, these two vectors are aligned and their sum predicts an increased error in the direction of motion. Contrary, when a target is shown moving upwards, these vectors oppose each other and their sum partially cancels out (depending on the relative magnitudes), resulting in a decreased error in the direction of motion (cf. De Sá Teixeira & Hecht, 2014a) . Finally, when a target is shown moving horizontally, the two vectors are orthogonal to each other, resulting in independent components of error (error along the motion axis and error orthogonal to motion axis; cf. De Sá Teixeira, Hecht, & Oliveira, 2013) . Additionally, the world's vertical and the participants' bodies might be more or less misaligned. Overall, three different dependent variables, sensitive to the joint action of both representational momentum and representational gravity (contingent upon motion direction), emerge as relevant in this context: (i) the difference between the position indicated by the participant and the actual vanishing location of the target might be measured along the target's Motion axis, M-displacement, (ii) along the physical Gravity axis, G-displacement, and (iii) along the Idiotropic vector (longitudinal body axis), I-displacement (see Fig. 1 ).
In order to meaningfully test for its presence, scenarios where an internal model of gravity has a null effect have to be clearly stated. In the case of M-displacement, a null internal gravity would lead to a constant error for all possible motion directions, as only representational momentum would affect the spatial localization. Letting errors forward in the direction of motion assume positive values, M-displacement would be simply a positive constant. This case is portrayed in the upper left polar plot of Fig. 2 (black markers). For G-and I-displacement, a convention must be adopted to ensure that the sole influence of representational momentum leads to a symmetric polar plot -for instance, let positive values index a displacement downward (along the axis of interest, be it the physical vertical or the idiotropic vector) for motion directions between 0°(rightward) to 180°(leftward) but a displacement upward for motion directions above 180°. A null internal gravity would thus result on displacements solely determined by the contribution of representational momentum: for target's motion directions orthogonal to the axis of interest the displacement would be 0 and it would increase both upward and downward in proportion with the degree of parallelism between motion direction and the axis of interest. In a polar plot, this would result in a 8-shape (depending on the choice of the scale this shape could be increased or decreased) as portrayed in the upper right plot of Fig. 2 (black markers and dashed line).
Any effect of an internal model of gravity (acting along a specific direction) would lead, for both M-, G-and I-displacements, to an observable deviation of the polar plots from the symmetric null scenarios. Moreover, the magnitude of the deviation would be proportional to the magnitude of the internal model of gravity, as portrayed in the remaining plots in Fig. 2 . Importantly enough, and due to the vectorial sum hypothesis, these trends would be uniquely related to different parameters of the Fourier series, considered over the set of observed spatial displacements (p i ) for the different motion directions h:
In the case of M-displacement, it can be shown that the term c equates to a constant displacement for all possible directions (h) and is thus proportional to the target's kinematics -representational momentum. In regards to the internal model of gravity, notice that it specifies the predicted spatial locations along one single direction, irrespective of motion trajectory -this trend could be predicted to follow a combination of sine and cosine functions, depending on the direction of the internal model of gravity. It would thus be uniquely captured by the a and b coefficients (Eq.
(1)) of the first harmonic term -1/2p (which specifies one single privileged direction). The a 1/2p and b 1/2p coefficients refer, respectively, to the horizontal and vertical coordinates of the data's centroid and can be used to infer the direction and magnitude of an internal model of gravity in cases in which the body is tilted in relation to the world's vertical. The sum of both representational momentum and representational gravity in accordance with Eq.
(1) would determine M-displacement (see Fig. 2 , left column, continuous lines). Likewise, for G-and I-displacements, the null internal gravity scenario would be indexed by significant a and b coefficients (Eq. (1)) in the 2/2p term (which fits a symmetric 8-shape), and any deviation favouring the presence of an internal model of gravity measurable with significant a and b coefficients in the 1/2p term. At this point it should be noticed that the Fourier series, contrary to what happens with M-displacement, only roughly fits the predicted G-and I-displacements (based on the vectorial sum hypothesis). This is due to the convention adopted for the measurement of G-and I-displacement. Notwithstanding, for all practical purposes, the relevant deviations from the null internal gravity scenario are well captured (see Fig. 2 , right column, continuous lines).
The main advantage of this approach is that given a set of empirically obtained displacements for different motion directions, the parameters of Eq. (1) can be estimated trough Fourier decomposition (for details of the procedure see Sekuler & Armstrong, 1978) . Briefly, the inner product of a vector containing the normalized observed displacements and a vector containing the normalized values of the harmonic terms of interest (sine and cosine functions of 1/2p, 2/2p, 3/2p, . . . n/2p) provide correlation coefficients between the obtained data and each harmonic term. The obtained values can be straightforward transformed back to raw units result-ing in independent estimates of both representational momentum -indexed specifically by the c parameter of M-displacementand representational gravity -indexed specifically by the a 1/2p (horizontal deviations) and the b 1/2p coefficients of G-and/or I-displacements (vertical deviations; in the present paper negative b 1/2p coefficients will be used to signal a deviation ''downwards''). Specifically for the indexes of representational gravity, this approach offers the prospect of ascertaining the degree to which an internal model of gravity acts along the observers' body axis -idiotropic dominance -, along the world's vertical -thus relying on the otolith cues -or a combination of both.
Materials and methods

Participants
Twenty students of the University of Coimbra (3 males; 17 females), with ages between 18 and 40 years (M = 22.55; SD = 5.83), volunteered for the experiment in exchange for partial course credits. All participants had normal or corrected to normal vision and had no known vestibular deficits. The study was conducted in accordance with the Declaration of Helsinki and all participants provided informed consent prior to the experiment.
Stimuli and apparatus
One animation portraying a black circle with a diameter of 20 px (pixels; %0.8°), henceforth referred to as target, moving linearly at a constant velocity of about 146 px/s (%5.83°/s) was used as stimulus. The target vanished after covering a distance of 340 px (%13.6°). In each trial, the animation was shown at a random location such that the target vanished unexpectedly within an area of 50 Â 50 pixels after crossing the centre of the screen. The target's trajectory could be at an angle of 0°(rightward), 22.5°, 45°, 67.5°, 90°(downward), 112.5°, 135°, 157.5°, 180°(leftward), 202.5°, 225°, 247.5°, 270°(upward), 292.5°, 315°or 337.5°. A circular black cursor (%5 px of diameter) controllable with a computer mouse, appeared at the centre of the screen 0, 300, 600, 900 or 1200 ms after the vanishing of the target. During the entire experiment, the screen's background was black except for a centred white circular area (presentation window) with a diameter of 600 px (%24°). Stimuli were presented with a head-mounted display (HMD; eMagin Z800 3DVisor), with a resolution of 800 Â 600 px (40°diagonal field of view). In order to prevent environmental peripheral visual cues, the HMD was covered with an opaque fabric that effectively constrained the visual input to the presentation window. Previous to the task, participants were positioned on an electric tilt-table and secured with three straps (at the level of the chest, hips and knees) and a foot-rest. The tilt-table could be set at any angle between 0°and 90°in relation to the vertical, as measured with a protractor, and with the aid of an integrated electric motor. When unloaded, the table rotated at a constant speed of about 2°per second. Participants performed the task (see below) with a trackball (Adesso iMouse T1) positioned at a flat surface parallel to the ground. The experiment was programmed in Python using the PsychoPy routines (Peirce, 2007 (Peirce, , 2009 ). The situation depicted refers to the case where an observer is tilted leftwards by 22.5°(accompanying pictograms) and the target moves (as represented with the white arrows) rightwards at an angle of 45°in relation to the horizontal. In this scenario, it is assumed that representational momentum and representation gravity equally contribute to the mnesic displacement. The overall logic for the measurement of M-, G-and I-displacements can be easily generalized for any combination of body tilt and motion direction.
Procedure and design
All participants performed two tasks, in a counter-balanced order. In one task, participants first lied down horizontally on the tilt-table in a supine posture and were then tilted at either 90°( supine), 67.5°, 45°, 22.5°or 0°(upright) . Notice that the physical gravity vector in these conditions defines a plane perpendicular to the HMD's visual plane -this task will thus be henceforth simply referred to as orthogonal task. In the other task, participants first lied down horizontally in a left lateral decubitus posture (with the head resting on a pillow) and were then tilted 90°(lateral decubitus), 67.5°, 45°or 22.5°. As here the plane defined by the gravity vector across all tilts is parallel to the HMD's visual plane, this will be referred to as coplanar task. In order to allow dissipation of signals from the semi-circular canals in the internal ear, instructions were provided and preparation of the materials for the task were made only when participants were positioned at the required body tilt. The minimum time for the initiation of the task was about Fig. 2 . Predicted M-(left column; black markers -errors measured along the motion axis with 0 being the actual vanishing location) and G-displacements (right column; black markers and dashed lines -errors measured along the vertical axis with 0 being the actual vanishing location) for targets moving along different directions based on the vectorial sum hypothesis (see text for details), as illustrated with the accompanying pictograms: the dashed arrows refer to the contribution of representational momentum (with an hypothetical value of 1) to the predicted displacement of the location of the target (black circles) and the continuous arrows the contribution of representational gravity (with hypothetical values of 0 -top panels -, 0.5 -middle panels -and 1 -bottom panels). The continuous lines depict the best fit of the Fourier series (equations; see text for details) for each scenario, as determined by the different hypothetical values of representational gravity (row panels). Notice that as the hypothetical magnitude of representational gravity increases the plots deviate proportionally from a vertically symmetric circle (in the case of M-displacement) or an 8-shape (in the case of Gdisplacement). These trends are indexed by the coefficients of the Fourier series (accompanying equations). 1 min. Except for the 0°condition (upright posture -notice that here the body tilt in relation to gravity is unchanged for both tasks and thus each participant performed this condition only once), half of the participants always performed first the orthogonal task and the other half the coplanar task. For each participant, data was collected across 5 sessions, with any two consecutive sessions being spaced between 1 and 14 days, varying only the tilt angle in which the tasks were performed with the order determined individually by a Latin square design. In all conditions, participants were required to observe the motion of the target and, when the cursor appeared, to position it as precisely as possible, and referring to the geometrical centre, in the location on the screen where the target vanished. Each response was to be confirmed by a single press on the left button of the trackball. The next trial started after a delay of 500 ms. Except for the 0°tilt (upright) condition, which lasted about 20 min, each session required about 45-50 min to complete, including instructions, debrief and a short resting interval between tasks. Each task obeyed a full-factorial repeated measures design given by 4 (tilt angle) Â 16 (target's motion direction) Â 5 (retention interval), plus a 0°tilt condition, with each stimuli combination being repeated twice per participant.
Results
Coplanar task
The difference in pixels between the locations indicated by the participants and the objective vanishing position was measured along the target's motion axes -M-displacement -, the world's vertical -G-displacement -and the participants' longitudinal body axis -I-displacement. Fig. 3 depicts the mean M-(left column), I-(middle column) and G-displacements (right column) obtained for the different body tilts (pictograms). When participants were in an upright posture (0°tilt condition), it can be seen that the remembered vanishing location was displaced forward for all target directions (positive M-displacements) and more so for targets that moved downwards. M-displacement was slightly larger for retention intervals above 300 ms, particularly when the target moved downwards.
Importantly, as participants were tilted by increasing degrees, it can be seen that the increased ''downward'' error seems to unfold along the idiotropic vector (I labelled arrows in the polar plots) and to be little affected by the direction of physical gravity (G labelled arrows).
For I-displacement there is a clear deviation from a symmetric 8 shape along the body downward direction for all body tilts. In contrast, for G-displacement, as the body tilt deviates more from an upright posture, the polar plots conform more to a symmetric 8 shape.
Overall, statistical analysis supported visual inspection. Fourier decomposition of M-, I-and G-displacements was performed for each participant and the estimates of the individual terms obtained and subjected to a repeated-measure ANOVAs.
The c parameter obtained from M-displacements was found to increase slightly with time until a maximum at about 300 ms, stabilizing for longer times, F(4, 76) = 3.031, p = .022, partial g 2 = .14 (means of 8.18, 10.32, 9.51, 9.42 and 8.98 px for the 0, 300, 600, 900 and 1,200 ms conditions, respectively). This dynamic profile was unchanged across the different body tilts as evidenced with a null interaction between retention intervals and body tilt, F(16, 304) = 1.36, p = .16. Likewise, the magnitude of the c estimates was found to be constant for all body tilts, F(4, 76) < 1, evidence that the perceived kinematics of the targets (representational momentum) was stable across conditions. The mean b 1/2p coefficient of M-displacements (which indexes a vertical displacement in visual and body coordinates; see Fig. 4, panel B) was found to change with time (averaging to À3.26, À4.17, À4.55, À4.31 and À4.66 px for the 0, 300, 600, 900 and 1,200 ms conditions, respectively) F(4, 76) = 2.7, p = .036, partial g 2 = .125, but not with body tilt, F(4, 76) < 1. As for the a 1/2p coefficient of M-displacements (horizontal displacement in visual and body coordinates; see Fig. 4 panel A) , it was unaffected by either retention time, F(4, 76) = 1.42, p = .234, or body tilt, F(4, 76) = 1.44, p = .23, with no evidence of being different from 0 (M = À.156, SE = .895). These outcomes suggest that representational gravity acts mainly ''downward'' along the body's longitudinal axis (idiotropic dominance).
The individual b 1/2p coefficients of I-displacement (see Fig. 4 , panel D) were found to increase proportionally with retention intervals (about À3.61, À4.4, À5.19, À4.8 and À5.34 px for the 0, 300, 600, 900 and 1200 ms conditions, respectively), F(4, 76) = 4.34, p = .003, partial g 2 = .19, being unchanged for different body tilts, F(4, 76) < 1. In contrast, the mean a 1/2p coefficients of I-displacements (Fig. 4, panel C) were found to be unaffected by either retention interval or body tilt (F < 1 in both cases) averaging to 0.14 (SE = .212).
In regards to G-displacement, the mean b 1/2p coefficients (Fig. 4 , panel F) were found to be reduced by increasing body tilts (being virtually 0 for the 90°condition -lateral decubitus), F(4, 76) = 5.27, p = .001, partial g 2 = .22, with only a marginal effect of retention interval, F(4, 76) = 2.37, p = .06, partial g 2 = .11. On the other hand, the mean a 1/2p coefficients (Fig. 4 , panel E) were sensitive to retention intervals, F(4, 76) = 4.05, p = .005, partial g 2 = .18, and also interacted with body tilt, F(16, 304) = 1.78, p = .033, partial g 2 = .09. While the mean a 1/2p coefficients of G-displacement were about 0 for the upright position, it was found to increase leftwards (in visual and body coordinates), in the direction of gravity, as participants' bodies were further rotated away from the vertical position. That is, the remembered vanishing location was slightly displaced in the direction of physical gravity. It was furthermore found that the increased G-displacement (leftward toward world gravity) was evident only for those participants who performed the coplanar after the orthogonal task, as evidenced by significant interactions between task order and body tilt, F(4, 72) = 3.4, p = .013, partial g 2 = .16, and retention interval, F(4, 72) = 3.02, p = .003, partial g 2 = .14.
Given the evidence that the found displacements, both in the direction of gravity and the idiotropic vector, increase with retention interval, it is warranted to assess the rate (in pixels per second -px/s) at which the remembered location drifts away from the objective vanishing position (as response times were not measured, the drift rate values should be taken heuristically). In order to do so, the slopes of the best linear fit between retention intervals and the b 1/2p coefficients found for I-displacement were calculated for each participant and subjected to a repeated measures ANOVA with body tilt as the independent factor. A significant effect of body tilt was found, F(4, 76) = 4.14, p = .004, partial g 2 = .18, in a pattern where the slopes decreased, with only a significant linear component, F(1, 19) = 7.455, p = .013, partial g 2 = .28, as the participants body was tilted away from the vertical, being virtually 0 for the lateral decubitus posture: 0°(upright) -M = À2.8 px/s; SE = .75; 22.5°-M = À3 px/s; SE = .75; 45°-M = À2 px/s; SE = .57; 67.5°-M = À2.2 px/s; SE=.54; 90°(lateral decubitus) -M = .021 px/s; SE = .62. Finally, and following the finding that for a sub-group of participants (namely, those who performed the coplanar task after the orthogonal one) body tilt significantly interacted with retention time in determining the mean a 1/2p coefficients of G-displacement (reflecting a deviation leftward in visual and body coordinates for tilts closer to the decubitus posture), the slopes of the best linear fits between the coefficients and retention time were calculated for each body tilt condition and subjected to a repeated measures ANOVA. Body tilt was found to have a marginally significant effect on the leftward drift rate for these participants (in px/s), F(4, 36) = 2.54, p = .057, partial g 2 = .22. Overall, the leftward drift rate was virtually 0 for the upright condition and increased as the body was tilted toward the left lateral decubitus posture, albeit with slower rates than those found along the idiotropic vector: 0°( upright) -M = .09 px/s; SE = .62; 22.5°-M = À.63 px/s; SE = .91; 45°-M = À1.8 px/s; SE = .94; 67.5°-M = À2.6 px/s; SE = 1.02; 90°( lateral decubitus) -M = À1.9 px/s; SE = .49. 
Orthogonal task
In the orthogonal task, body tilt was varied between the upright and supine posture. Notice that here the projection of the gravity vector on the visual plane (in reference to which the task had to be performed) is decreased as the body approaches the supine posture.
In this sense, although with a fair degree of caution, one can hypothesize that the relevance of the vestibular information for the task is being reduced with further deviations of the body from the world vertical -the supine posture would thus act here as the closest analogue of a microgravity condition. M-and I-displacements were calculated as in the coplanar task (G-displacements, when relevant, would equal I-displacements). Fig. 5 depicts the mean M-and I-displacements as a function of body tilt (row plots).
It can be seen that the downward (in body coordinates) deviations is increased for all body tilts and apparently more so as participants' bodies approach a supine position.
One ANOVA performed over the individual parameters obtained from a Fourier decomposition showed that the c parameters obtained from M-displacement were modulated by the retention intervals (mean of 8.52, 10.44, 10.28, 9 .39 and 9.55 px for the 0, 300, 600, 900 and 1,200 ms conditions, respectively), F(4, 76) = 3.98, p = .005, partial g 2 = .17, but not by body tilt, F(4, 76) < 1. Once again this outcome supports that the perceived kinematics, on which representational momentum is supposedly based, was constant across all conditions, increasing with time until a peak at about 300 ms, stabilizing with longer intervals.
Similarly, retention interval determined the b 1/2p coefficients of M-displacement (averaging to about À3.16, À4.41, À5.32, À5.9 and Fig. 6, panel B) . Conversely, the mean a 1/2p coefficients found from the M-displacement data were found to be constant for all body tilts, F(4, 76) < 1, and retention intervals, F(4, 76) = 1.95, p = .11, with no indication of a significant deviation from 0 (M = -.345; SE = .869; Fig. 6, panel A) . Taken together, these outcomes support that M-displacement was greater for targets moving downwards along the idiotropic vector and more so with increasing retention intervals.
The mean b 1/2p coefficients of I-displacement were shown to vary significantly with retention interval (mean of À3.77, À4.73, À5.9, À6.34 and À6.21 px for the 0, 300, 600, 900 and 1200 ms conditions, respectively), F(4, 76) = 10.38, p < .001, partial g 2 = .35, but not with body tilt, F(4, 76) = 1.56, p = .19 (see Fig. 6, panel D) . Furthermore, no interaction between retention interval and body tilt was found in I-displacement, F(16, 304) < 1.
Compatible with a deviation along the idiotropic vector, the mean individual a 1/2p coefficients of I-displacement (Fig. 6 , panel C) were found to be constant for all retention intervals and body tilts (F < 1 for both cases) and not significantly different from 0 (M = .14; SE = .212).
The slopes of the best linear fits between retention interval and the individual b 1/2p coefficients of I-displacement were calculated as an index of the drift rate (in px/s) of the remembered locations along the idiotropic vector. No evidence was found that the mean drift rate was changed by body tilt, F(4, 76) < 1. Overall, the drift rate was found to be about À2.47 px/s (SE = .49) and significantly different from 0, t(19) = À4.98, p < .001, two-tailed, d = 1.1.
Discussion
In general, the outcomes disclosed for the spatial errors made by human observers were remarkably similar to the patterns predicted from the vectorial sum hypothesis. By virtue of the circular structure of the stimuli used, where the target could move along several directions on the visual plane, it was possible to take advantage of the Fourier analysis to obtain independent estimates, provided by the coefficients of the relevant harmonic terms, of representational momentum (displacement forward in the direction of target's motion) and representational gravity (displacement downward along the vertical). Analyses performed on these indexes revealed that the idiotropic vector (body longitudinal axis) seems to be the main vertical reference on the basis of which a ''downward'' error is made, replicating previous findings (De Sá Teixeira & Hecht, 2014b) .
Besides the general idiotropic dominance uncovered, some evidence was found supporting that vestibular information might permeate, under certain conditions, the spatial localization errors. First and foremost, a slight drift of the spatial localization responses in the direction of physical gravity was found to persist for body tilts other than the upright (where the idiotropic and gravity vectors are aligned). This trend was particularly clear for those observers who performed the coplanar task (where idiotropic and gravity vectors are at odds in the visual plane) last within the experimental session. In partial support of this trend, there was a slight increase of the leftward bias in M-displacement for the coplanar task when made last within the experimental session, as evidenced in a marginally significant interaction between body tilt, retention time and task order, F(16, 288) = 1.54, p = .086, partial g 2 = .08. It is plausible that attention fluctuations might play a role here -as the experimental session progresses, and due to the highly repetitive nature of the task, it might be expected that observers' attentional level decreases, despite the inclusion of a resting period between both tasks, leading to an increased proneness to rely on automatic processes, more permeable to low-level mechanisms such as vestibular processing. These considerations should be tested in future studies by explicitly manipulating attentional factors (for instance, by requiring the participants to perform concurrent tasks that compete more or less for attentional resources).
Second, it was found that the rate at which the spatial localizations drifts ''downward'' along the idiotropic vector is reduced as the body is tilted away from the upright posture. That is, as the misalignment between body and physical gravity is increased, the error along the idiotropic vector ceases to evolve with time, being essentially constant for all retention intervals. Previously, it was reported that although a dynamic trend of the spatial errors was obvious when participants adopted an upright posture, it disappeared when participants' body was misaligned orthogonally with gravity (that is, in a lateral decubitus posture; De Sá Teixeira & Hecht, 2014b) . In the present experiment, and due to the inclusion of intermediate body tilts, it was possible to not only corroborate those findings, but to uncover some evidence that the disappearance of a representational trajectory (indexed by the downward drift rate) depends on the degree of misalignment between the idiotropic and gravity vectors. It might be surmised that given conflicting cues regarding perceived gravity, the uncertainty regarding the appropriateness of the internal model of gravity is increased, leading the observer to rely less on its predictions. If this hypothesis holds, the obtained outcomes suggest that the uncertainty about an internal model of gravity is scaled proportionally by the degree of misalignment between the idiotropic vector and the vestibular information, rather than being a threshold-like phenomenon.
Finally, some evidence was found, when considering the group data, that as the body is tilted toward a supine position, the magnitude of the errors made along the idiotropic vector was increased. As in a supine posture the physical gravity vector is orthogonal to the visual plane, to which the task ultimately refers, one might argue that its relevance is decreased. That is, a supine posture would be a rough analogue of microgravity, with null vestibular information and thus with idiotropic cues for the vertical direction weighted more heavily. Unfortunately, the statistical analysis performed over the individual coefficients failed to provide support for this observation. It might be the case that the discrepancy between the group data and statistical results is due to individual differences in the way idiotropic and vestibular cues are weighted in determining the subjective vertical. In order to inspect this possibility, a hierarchical cluster analysis (furthest neighbour method on the squared Euclidean differences) was performed on the individual b 1/2p coefficients obtained for the I-displacements in the orthogonal task. A subgroup of 13 participants were found to be highly sensitive to body tilt in this task, F(4, 48) = 3.98, p = .007, partial g 2 = .25, in a pattern where the mean b 1/2p coefficients increased proportionally as the body neared a supine posture. Importantly, and as only the overall magnitude was increased, with no interaction with retention time, it can be argued that for these participants it is the magnitude of the internal model of gravity that is being changed, not how much it is relied upon.
One important but easily overlooked aspect of the present experiment, as in most representational momentum and representational gravity studies, is that the target is always shown moving at a constant speed, even when moving vertically, where it would be expected to accelerate or decelerate for descending or ascending movements, respectively. In this sense, the shown target's kinematics is more congruent with a 0 g dynamic environment. That the found mnesic displacements are nonetheless biased in favour of a privileged downward direction further support that the visual updating of spatial locations relies on predictions provided by an internal model of earth's gravity.
Conclusions
Over the last few decades, considerable knowledge has been gathered regarding human perception of environmental invariants, most notably gravity (cf. e.g., Green & Angelaki, 2010; Harris et al., 2011; Lacquaniti et al., 2013; Oman, 2003) . Increasingly more, the perception of gravity has been acknowledged as a prime factor in structuring our apprehension of space and notable breakthroughs have been made in identifying neural structures involved in its processing (Angelaki & Cullen, 2008; Angelaki et al., 2004; Hess & Angelaki, 1999; Merfeld, Zupan, & Peterka, 1999) . On this regard, the notion of internal models has gained considerable attention both in empiric and theoretical approaches to the neural mechanisms responsible for the processing of gravity related information (cf. e.g., Tin & Poon, 2005; Snyder, 1999) . In the present article, the role of a hypothetical internal model of gravity in spatial localization phenomena was explored. Important insights were gained both on the temporal profile of spatial location errors and the direction of an internal model of gravity, given an appropriate experimental design and analysis through Fourier decomposition (Sekuler & Armstrong, 1978) . This approach was shown to be invaluable in clarifying the nature and dynamics of representational trajectory. Importantly, a similar logic can easily be expanded for related phenomena, particularly when perceptual gravity is thought to be involved. In such instances, both the direction and magnitude of an internal model of gravity, as shown here, can be independently unveiled by its harmonic components. Besides aiding the comprehension of the functioning of internal models, this approach provides important constraints for possible neural computational models.
